Refractory intra-operative cardiac arrest is a challenging issue for anaesthetists. In this study, we analysed the outcomes of adult patients who received extracorporeal cardiopulmonary resuscitation for refractory intraoperative cardiac arrest between 2005 and 2016, using data from our institutional extracorporeal membrane oxygenation registry. We defined refractory intra-operative cardiac arrest as the failure of a return of spontaneous circulation after 30 min of cardiopulmonary resuscitation. The primary outcome measure was neurologically intact survival with a cerebral performance category score of 1 or 2 at hospital discharge. Between 2005 and 2016, extracorporeal cardiopulmonary resuscitation was used to treat 23 patients who experienced refractory cardiac arrest in the operating room. The survival rates of neurologically-intact subjects were 9/23 (39%) and 6/23 (26%) at 24 h postoperatively and at hospital discharge, respectively. The main cause of refractory-intra-operative cardiac arrest was haemorrhagic shock in 13 out of 23 (57%) patients, and the neurologically-intact survival rate in these patients was 3/13 (23%) at discharge. Our study showed that approximately a quarter of patients with refractory intra-operative cardiac arrest caused by haemorrhage would receive survival benefit from extracorporeal cardiopulmonary resuscitation. Therefore, extracorporeal cardiopulmonary resuscitation may be a possible option in this clinically-challenging situation.
Introduction
Cardiac arrest and concomitant cardiopulmonary resuscitation (CPR) in the operating room is unique, in that well-trained medical personnel with appropriate treatment and monitoring devices are available immediately, a situation that is different from other in-and out-of-hospital cardiac arrest situations [1] [2] [3] . In addition, intra-operative haemorrhage has been reported to be the most important predictor of cardiac arrest in non-cardiac surgical patients [4] . Following peri-operative CPR, the 24-h survival rate ranges from 32% to 56% [3] [4] [5] [6] [7] [8] [9] [10] , and the neurologically intact survival rate is reportedly 25% [10] .
However, survival rates dramatically decrease in cases in which the duration of CPR exceeds 15-30 min [11] [12] [13] . A previous study has reported that only 2.5% and 0% of patients survived after 31-60 and 60+ min of in-hospital CPR, respectively [11] . Therefore, refractory intra-operative cardiac arrest, which is usually defined as failure of return of spontaneous circulation after 30 min of CPR [14, 15] , remains a challenging situation for the anaesthetist.
In recent years, extracorporeal membrane oxygenation (ECMO) has increasingly been used for CPR. A number of observational studies have indicated that extracorporeal CPR has a survival benefit over conventional CPR in patients with in-and out-of-hospital cardiac arrest [16] [17] [18] [19] . The 2015
International Consensus on CPR suggests that in selected patients, extracorporeal CPR may be a suitable rescue therapy, particularly when initial CPR is failing [20] . To the best of our knowledge, survival rates following extracorporeal CPR for refractory intra-operative cardiac arrest have not been investigated. In addition, co-existing haemorrhage, which would be a main cause of intraoperative cardiac arrest, has been considered as a relative contra-indication for ECMO therapy [18, 21] .
In this study, we reviewed the records of adult patients who received extracorporeal CPR for refractory intra-operative cardiac arrest between 2005 and 2016, and determined neurologically intact survival rates. We aimed to assess whether surgical patients receive survival benefit from extracorporeal CPR, even in this clinically challenging situation.
Methods
We undertook this retrospective analysis at the Samsung Medical Centre, a tertiary academic hospital. The study protocol was in accordance with the Declaration of Helsinki and was approved by our Institutional Review Board.
Individual informed consent was waived because this study was a retrospective analysis of medical records.
We reviewed our hospital's ECMO data registry between January 2005 and December 2016, and retrospectively enrolled adult patients who received extracorporeal CPR for refractory intra-operative cardiac arrest during non-cardiac surgery. We did not study patients < 18 years of age, with CPR duration < 30 min, and also unwitnessed cardiac arrest.
We defined intra-operative cardiac arrest as loss of detectable pulse requiring chest compressions and/or defibrillation during the intra-operative period, defined as including only the time spent in the operating room [3] . The time spent transporting the patient to the recovery area, in the recovery area and transporting the patient to the intensive care unit was not included in the intra-operative period. Refractory cardiac arrest was defined as failure of return of spontaneous circulation after 30 min of CPR [14, 15] . The definition of extracorporeal CPR was cardiopulmonary support using ECMO for inducing or maintaining return of spontaneous circulation [18] . We defined CPR duration as the interval between initiation of CPR and ECMO pump-on time [17] .
We collected the following data: age; sex; ASA physical status; type of anaesthesia (general or neuroaxial/regional); type of surgery (general, vascular, orthopaedic, urological, thoracic, gynaecologic or obstetric or neurosurgical); scheduled or emergency surgery; occurrence of cardiac arrest outside of standard working hours (between 17h00 and 07h00 on weekdays or during weekends); initial rhythm of cardiac arrest; cause of cardiac arrest; type of ECMO;
24-h survival after intra-operative extracorporeal CPR; and survival to hospital discharge.
Causes of cardiac arrest were categorised by consensus between two of the authors (JM and YC) as follows: haemorrhagic shock; cardiogenic shock; and others. We defined neurologically intact survival as a survivor with a cerebral performance category score of 1 or 2 (alive with good cerebral performance or sufficient cerebral function for independent activities of daily life, with or without mild neurological or psychological deficits) [3, 10] . We obtained cerebral performance category scores from medical records, scored on the day of discharge from the hospital. , and maintained mean arterial pressure of > 60 mmHg. In cases where the initial flow was insufficient, volume resuscitation was used to achieve the target ECMO flow rate.
The primary outcome measure in this analysis was the neurologically intact survival rate at hospital discharge. 
Results
Between and neurologically intact at hospital discharge. One year after surgery, the six patients who were discharged from the hospital with good neurological performance were all alive without further neurological deterioration.
There were no significant differences between the neurologically-intact survivors and the others in terms of patient characteristics and anaesthesia/surgery-related characteristics ( 
Discussion
In this retrospective analysis, we have demonstrated the outcomes of patients in our 12-year experience of extracorporeal CPR in adult patients with refractory intraoperative cardiac arrest. The neurologically-intact survival rate was 26% at hospital discharge. The most common cause of refractory intra-operative cardiac arrest was haemorrhagic shock, with a neurologically intact survival rate of 23%.
Due to insufficient data for survival outcomes of extracorporeal CPR in patients with refractory intra-operative cardiac arrest, the usefulness of extracorporeal CPR in this population remains uncertain. Although the 24-h survival rate after peri-operative CPR has been reported to be up to 56% [4] , previous studies on in-hospital refractory cardiac arrest have shown that prolonged CPR per se was associated with poor prognosis [11, 22, 23] and that the probability of patient survival also significantly decreased as the duration of CPR increased [23] . In previous studies on in-hospital extracorporeal CPR for refractory cardiac arrest, the survival rate with good neurological function has been reported to range from 12.5% to 38% [14, 15, 17, 24, 25] . However, cardiac arrests in those studies were mostly as a result of cardiac causes. Among the various aetiologies of intra-operative cardiac arrest, bleeding or trauma-related shock has been known to have poor prognosis, with a 10% survival rate at hospital discharge after conventional resuscitation [5, 21] .
In this analysis, only patients who received more than 30 min conventional CPR without return of spontaneous circulation were enrolled, and the main cause of refractory cardiac arrest was massive haemorrhage occurring during the surgical procedure, accounting for 57% of all cases.
Considering that survival rates after all kinds of perioperative CPR have been reported to be 25% [10] , our neurologically intact survival rate of 26% is encouraging.
Despite a lack of statistical significance, the neurologically-intact survivors had a shorter duration of CPR (from CPR initiation to ECMO implementation) than the other patients in this study. This is consistent with the results of previous observational studies suggesting that total low-flow time has a strong influence on both survival and survival with favourable neurology in CPR and extracorporeal CPR [13, 26] .
Goto et al. found that the rate of favourable outcomes decreased to near zero (0.8% for survival and to 0.4% for neurologically-intact survival) after 30 min of conventional CPR [13] . In addition, in a retrospective analysis of an extracorporeal CPR registry, survival rates were 67%, 29%, 10% and 6% for conventional CPR durations < 20, 20-45, 45-60 and 60-135 min, respectively [26] . Additional studies are required to determine the optimal timing for the initiation of ECMO support during intra-operative CPR. Moreover, the ultimate cause of death in non-survivors of our study was irreversible multi-organ failure. Patients who died of multiorgan failure despite successful ECMO initiation may highlight the need for earlier use of ECMO to reduce the low-flow time [27] .
Interestingly, our data showed that neurologically intact survival rate at hospital discharge was 23% after extracorporeal CPR even in refractory cardiac arrest due to massive haemorrhage, which is significantly higher than the reported survival rate of 10% in bleeding-derived intraoperative cardiac arrest [5, 21] . In addition, co-existing bleeding has been considered a relative contraindication for ECMO initiation [18, 21] . However, in contrast to those reports, recent studies have shown that ECMO was successfully used to treat refractory cardiopulmonary failure in severe trauma patients where bleeding is invariably a concern [21, 28] . This survival benefit of extracorporeal CPR in trauma patients with co-existing bleeding might be due to the systemic circulation support by oxygenated blood at the early phase in the operating room, and effective gas exchange for respiratory support later in the intensive care unit, because acute respiratory distress syndrome is frequently observed during the clinical course after massive transfusion [21] .
In addition, all data in this study were derived from the operating room. Unexpected, abrupt and/or massive haemorrhage can occur during surgery and may lead to sudden and fatal cardiovascular collapse. A previous report has also shown that intra-operative blood loss is the most important risk factor for cardiac arrest in the operating theatre [4] . Moreover, massive haemorrhage in conjunction with volume resuscitation can cause secondary cardiac or pulmonary failure. Despite successful source control of bleeding, patients may still be unstable or in circulatory arrest due to the following: hypothermia; electrolyte imbalance; severe acidosis; myocardial stunning; right ventricular failure; pulmonary oedema; and other consequences of bleeding and resuscitation [21, 29] . In addition, when starting resuscitation, it is difficult to predict whether bleeding will be controllable. Therefore, even in cases of cardiac arrest from massive intra-operative haemorrhage, maintaining circulatory stability using timely ECMO support is likely to be helpful. We also found that a lower number of units of red blood cell were transfused in neurologically-intact survivors compared with the remaining patients; despite a lack of statistical significance, this finding suggests that the amount of transfused blood and/or rapid surgical control of bleeding may be related to favourable outcome.
Cardiogenic shock, another common aetiology of cardiac arrest, showed favourable outcomes in many studies when extracorporeal CPR was administered, with an approximately 40% survival rate [18, 30] . This is consistent with our results, which showed neurologically-intact survival at hospital discharge of 40% following refractory intraoperative cardiac arrest from cardiogenic shock. This improved survival may be due to the beneficial effects of ECMO: these include early supply of oxygenated blood to the failing myocardium; short low-flow time; and provision of time for recovery from potentially reversible conditions of arrest or interventions to correct the causes [14] . Moreover, the favourable environments of intra-operative resuscitation that allow immediate patient monitoring and the presence of experienced staff with knowledge of patient's condition and resuscitation resources could have contributed to improved survival [3, 31, 32] .
Other factors that have been suggested to influence survival outcomes after intra-operative cardiac arrest include: the timing of the event; emergency operation;
initial cardiac rhythm at arrest; and the immediate availability of skilled anaesthesia care [5, 8] . In our study, extracorporeal CPR outside of regular working hours or during emergency operations had a higher survival rate than those during regular working hours or elective surgery.
These results appear to be inconsistent with the results of previous studies that reported lower survival rates during the night hours and at weekends [1, 8, 33] . These differences might influence the different characteristics of patients enrolled in our analysis. Only refractory CPR cases were included in our study and therefore refractory CPR was possibly more frequent outside of regular working hours and during emergency operations. Patients with ventricular fibrillation/tachycardia at the time of arrest had the highest survival rates in our study. This result corresponds with previous data that showed that ventricular fibrillation/ tachycardia is associated with a favourable functional outcome [3] . cases, extracorporeal CPR may be more than VA-ECMO implantation on a patient in cardiac arrest [34, 35] . In cases where return of spontaneous circulation cannot be sustained due to profound respiratory failure, CPR with the assistance of veno-venous ECMO (VV-ECMO) for pulmonary resuscitation may also be broadly considered as extracorporeal CPR. In our study, VV-ECMO was used in three patients. In all of those cases, immediate return of In conclusion, this retrospective analysis showed that neurologically intact survival after extracorporeal CPR was achieved in approximately one-quarter of patients with refractory intra-operative cardiac arrest, in whom the main cause of arrest was hypovolaemia secondary to bleeding.
Extracorporeal membrane oxygenation might be a useful option even in this clinically-challenging situation. The exact criteria for extracorporeal CPR during refractory intraoperative cardiac arrest remain to be evaluated.
Figure 2
Survival rate at hospital discharge in overall group, and number of patients based on the causes of cardiac arrest.
